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Abstract

Past studies of heavy ions (22) in large (E> 10 MeV/nuc) gradual solar ener-
getic particle (SEP) events have focused on elemental abundances relative to those of
a single element, such as Fe or O, and have often neglected ionized H (the primary
element used for space weather purposes). This work analyzes SEP abundances in
a group of 15 large gradual SEP events from 2000 to 2015 across the energy range
of 13.5-50.7 MeV. Hourly ux averages of He, C, O, Mg and Fe from the Advanced
Composition Explorer/Solar Isotope Spectrometer (ACE/SIS) are compared to two-
hour averages of H ux from the Solar and Heliospheric Observatory/Energetic and
Relativistic Nuclei and Electron (SOHO/ERNE) experiment. Event-to-event compar-
isons reveal order of magnitude variances in all elements studied (with Fe exhibiting
variances spanning several orders of magnitude). A strong correlation is seen be-
tween abundance enhancement relative to the spectral coronal and linear coronal
mass ejection (CME) speeds for He, C, O and Mg. Extreme Fe abundance events are
determined to have energy loss rates equal to those of H (the consequences of which

are brie y discussed).
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[. Introduction

1.1 Motivation

Since the launch of Explorer 1 in 1958, the United States reliance on space has
grown exponentially. Military advances in space have changed the way wars are fought
and how peace is preserved; civilian and governmental technologies have expanded
scienti ¢ understanding in areas such as meteorology, climatology, agriculture and
astronomy; and commercial ventures have fundamentally changed the way we com-
municate and consume as a species. This expansion into the near-Earth environment
and beyond, however, has created a dependence on space that borders on perilous.
The Department of Defense (DoD) Joint Publication 3-14 Space Operationsrec-
ognizes space as an increasingly congested, contested, and competitive environment
(DoD, 2018). This paradigm is additionally complicated by threats posed by hostile
actors, orbital debris proliferation and the geomagnetic and interplanetary environ-
mental e ects collectively referred to as "space weather.'

Just like its terrestrial analogue, the space weather eld encompasses a litany of
hazards, which include high-energy galactic cosmic rays (GCRs), near-Earth geomag-
netic storms and solar energetic particle (SEP) events. It is the latter of these three
that is the focus of this study. More speci cally, this work attempts to expound
upon years of SEP research by comparing solar energetic proton uences to those
of heavier elements. This analysis, it is hoped, will help improve understanding of
how elements vary between SEP events and will assist in the identi cation of any
potential unmitigated hazards these elemental variances may pose to continued space

operations.



1.2 Previous Work

Previous studies of this nature have typically been restricted to lower energies
and have either focused exclusively on protons or exclusively on elements heavier
than hydrogen (H). With regard to the lower energy studies, abundance calculations
(that is, the average amount of a given element in an SEP event) have been mostly
restricted to the regime of 5-12 MeV/nuc [see Reames (1995) and Reames (2018)].
Heavier element studies, which usually require di erent sensors than those dedicated
to the study of protons, have often focused on normalizing and comparing specic
elements to other baseline elements such as iron (Fe) and oxygen (O). Much of the
discussion, then, has been focused on relative ratios of one element to another rather
than the total picture of elemental abundances needed to fully assess potential risks

these events pose to spacecraft.

1.3 Overview

The goal of this study is to compare single-event proton uences to those of
helium (He), carbon (C), oxygen, magnesium (Mg) and iron, respectively. As will
be discussed in Section llI, these elements have been chosen based on their observed
abundances and/or historical signi cance to the eld of SEP study. The energies
evaluated in this study extend beyond the 12 MeV limit of previous works and up to

40-50 MeV (in most cases). Observational SEP data will be derived from separate
sensors on multiple, co-located satellites in order to achieve, as near as possible,
measurements from the same general time and location.

Section II of this work will provide the fundamental physics necessary for analyzing
SEP acceleration and abundances. It will also discuss the risks posed by SEP events
to space operations and how those risks are mitigated by governmental agencies.

Section Il will describe the process used to select appropriate data and time periods

2



for analysis, as well as touch on how events were selected and compared. Section IV
will cover the results obtained from the methods outlined in Section 1ll, to include
elemental abundances and trends. Finally, Section V will provide conclusions reached

as a result of this study followed by recommendations for future work.



1l. Background

2.1 The Solar Atmosphere

The Sun is divided into six distinct regions (depicted in Figure 1): the core, the
radiative zone, the convective zone, the photosphere (not labeled), the chromosphere

and the corona, respectively.

Figure 1. Graphical depiction of the main layers of the Sun. Note that the photosphere is depicted but not labeled
(NASA/Mottar, 2013).



The photosphere, chromosphere and corona make up what is referred to as the
solar atmosphere. At the top of the photosphere, temperatures 0f4400 K allow
elements with rst ionization potentials (FIPs) below 10 eV to remain ionized,
while those elements with higher FIPs capture electrons and become neutral (Reames,
2017). Temperatures rise to over 1 MK in the corona, which allows for all elements
trapped within this region to be ionized. Note that ionized elements are typically
denoted by their "Z-number," where Z equals the proton number (and therefore the
implied charge) of the ion (i.e. for Fe, Z=26).

Magnetic eld lines, which are thought to originate at the base of the convection
zone due to dierential rotation, penetrate the photosphere within active regions
and can form magnetic loops that extend into the corona (sometimes seen as cooler
areas known as sunspots). As the topology of these loops becomes increasingly more
complex, the twisting and reorienting of the eld lines can result in the release of

highly energetic ions, also referred to as SEPs.

2.2 Solar Energetic Particles

Solar energetic particles are a class of ionized atomic particles that originate in
the solar atmosphere and are accelerated outward from the sun at energies ranging
from 10 keV up to relativistic energies of several GeV (Reames, 2017). The solar
origin of SEPs was rst theorized by Forbush (1946) after it was noted that three
separate "cosmic ray' events occurred following visibly bright solar eruptions (solar
ares). Subsequent events led to the belief that large solar ares were the primary
cause of SEP phenomena. As a challenge to what was dubbed "The Solar Flare Myth,'
Gosling (1995) noted that several solar ares did not produce SEP events (and several
SEP events had no associated ares). These highly energetic events, then, had to have

origins and acceleration mechanisms that weren't completely explained by the are-



driven SEP model of the time.

2.2.1 Magnetic Reconnection.

While not the only mechanism at work, SEP release from the solar atmosphere
can be triggered by the merging and reorienting of magnetic eld lines in a process
known as magnetic reconnection. In the limit of magnetohydrodynamics (MHD), the

time evolution of a magnetic eld is governed by the induction equation,

%t: r (O B)+ %r ’B (1)
where B is the magnetic eld, O is the uid velocity vector, o is the permeabil-
ity of free space (constant) and is the conductivity of the plasma (Gurnett and
Bhattacharjee, 2005). The rst term, which relates to the uid velocity, is called the
advection term; the second term, which relates to conductivity, is called the di usion
term. As the conductivity, uid velocity, and length-scale of the eld all increase, the
advection term becomes the dominant source of magnetic ux and plasma is no longer
allowed to di use across eld lines. Alfien's theorem states that, for an advectively-
dominated plasma, \the magnetic ux threading any closed curve moving with the
uid is constant" (Gurnett and Bhattacharjee, 2005). Since magnetic ux is constant
and unchanging with time, the time derivative of the magnetic ux g goes to zero
(dd—f = 0), and the magnetic eld lines are considered “frozen' to the uid (Gurnett
and Bhattacharjee, 2005).

The natural consequence of a frozen eld is that, for two parallel eld lines travel-
ing in the same direction, the uid (plasma in this case) will not cross the boundary
separating the two distinct topologies. This assumption breaks down, however, when
oppositely directed eld lines are forced together by the twisting of a magnetic eld.

Under this scenario, the approaching elds form a basic x-type magnetic eld con g-



uration (as shown Figure 2).
In this con guration, the magnetic eld goes to zero at the axis between the two
elds lines as the eld reverses polarity. The plasma owing into this neutral region

forms an unstable current sheet that induces a local electric eld.

Figure 2. A schematic of magnetic reconnection. Particles traveling along opposing eld lines (blue spirals) increase
velocity as they pass through the neutral topology/induced electric eld region (orange) and subsequently exit this
region at the Alfen velocity, V. A (green arrows).
A charged patrticle spirals along a magnetic eld line at a given speed and con-
stant distance. Charged particles (such as ions) will gyrate around a eld line at a

speci ¢ gyrofrequency, which will extend the distance of gyration out to the particle's

gyroradius. In this example, gyroradius is de ned as

mv-,
jg B

(2)

C:



wherem is the particle mass,v, is particle velocity perpendicular to the eld andq
is the patrticle's charge (Gurnett and Bhattacharjee, 2005).
As depicted in Figure 2, ions gyrating around the incoming magnetic eld lines

(blue spirals) travel into an area where the eld strength is very weak, which causes

¢ to increase to a distance that allows plasma to move across the eld lines (Mullan,
2009). The plasma ‘leaking' (green) out of the current sheet (orange) moves into a
region where the magnetic eld lines are more spread out. Since total magnetic energy
is lower in this region, energy conservation requires that this decrease be o set by
a proportional increase in the kinetic energy of the plasma (Mullan, 2009). The
out owing plasma typically moves at the Alfven speed,V,, which is the propagation
speed of a transverse wave mode (Alhen wave) along a magnetic eld line and is
given by

Va= p— (3)

where p, is mass density (Mullan, 2009). On short enough time scales, the current
sheet instability shifts to a non-linear regime and causes the magnetic eld lines to
violently “break' and reconnect in a lower energy con guration (Gurnett and Bhat-
tacharjee, 2005). The magnetic energy previously stored in the current sheet between
the original elds is then rapidly released as kinetic energy.
Reconnection-accelerated particles travel along the reoriented eld lines and will
either become magnetically trapped (closed eld lines) or accelerated outward (open
eld lines). In the closed eld line case, electrons and energetic ions stopping in the
low corona heat the dense plasma up to 10-20 MK and cause it to evaporate into the
magnetic eld, which results in the characteristic visible ash of a solar are (Reames,
2018). This particle braking also results in the release of hard X-rays in the case of
electrons, and -rays and free neutrons in the case of energetic ions (Reames, 2018).

Free neutrons, with a photospheric lifetime of 100 seconds (due to H capture) (Ryan



et al., 2000) and a free space lifetime of 880 seconds (due to free neutron decay)
(Paul, 2009), typically do not make it to 1 AU and are therefore not considered when
discussing particle abundances in SEP events.

When eld lines are open (locally, as there are no magnetic monopoles), energetic
particles are allowed to accelerate into open space via solar jets. Most of the mass
ejected in this scenario is thought to originate in the solar corona and provides the
primary seed population for SEP events (Reames, 2013). This energetic release of

coronal mass is known as a coronal mass ejection (CME).

2.3 SEP Types and Acceleration Methods

Solar energetic particle events are generally described as either impulsive or grad-
ual. In addition to total duration, these two events are denoted by di erences in
particle pro les and acceleration mechanisms (which will be discussed in subsequent
sections). A visual comparison of the two types of SEP events can be seen in Figure
3.

Observed ionic charge states of CMEs are consistent with acceleration outside
of the dense corona due to a lack of further ionization, which suggests that SEP
acceleration occurs after ejection at a distance beyond? solar radii (Reames, 1999).
The existence of two distinct types of SEP events means that two distinct acceleration

methods are needed to account for the high energies seen in both events.

2.3.1 Impulsive SEP Events

Impulsive SEP events (sometimes referred to a&$le-rich events) have relatively
short durations (hours), low peak intensities, and are associated with slow, narrow
CMEs that propagate via solar jets (Kahler et al., 2017). In these events, stochastic

acceleration involving resonant wave-particle interactions is thought to transfer energy



Figure 3. Visual comparison of gradual and impulsive SEP event pro les.

from waves to the particles in question (Reames, 1999). This type of acceleration

occurs in low- plasmas, with de ned as

_ 8nkBT

s @)

wheren is the plasma densitykg is Boltzmann's constant andT is the temperature.

As Eg. (3) showed, the Alfven speedV, is directly related to the magnetic eld
strength B, and the inverse relationship between and B means that plasmas de ned
as low- typically have stronger magnetic elds (and therefore higheW,). A conse-
quence of this is that low- CMEs associated with impulsive events rarely result in
shock-type acceleration (Reames, 2018). Instead, electrons accelerated into open eld
lines produce electromagnetic ion cyclotron (EMIC) waves that resonantly acceler-
ate 3He ions (with second-harmonic absorptions accelerating heavier ions) (Reames,
2013). According to Reames (2013), cascading waves \ rst resonate with the gyrofre-

guencies of heavy elements such as Fe, then with Si, Mg, and Ne, then with O, N, C,

10
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